Abstract
Introduction
Shape recovery is a classic problem in computer vision. It is used to derive a 3D scene description from one or more 2D images. Shape-from-shading(SFS) deals with the recovery of 3D shape from a single monocular image. Image highlight reflects the characteristics of the light source, expressed by the object surface features, which is a big interference to computer vision algorithms, particularly for monocular vision-based three-dimensional surface morphology recovery, recovery results combined with large errors because of the high light regional presence [1] . Almost all of the SFS algorithms are based on the Lambertian assumption that assumes only the diffuse reflection component; image does not contain a specular reflection component. However, almost of the objects in the nature are not ideal diffuse surface. Highlight area existed in the real image. Therefore, the presence of highlight greatly limits the practical application of the method.
The existing highlight detection method is to use the colorimetric analysis or polarization analysis of the light. Wolff use the different of diffuse reflectance and highlight polarization characteristics to remove high light [2] ; Sato, and Ikeuchi calculate the highlight by analyzing the color components that collected under a moving light source irradiating an image sequence [3] ; Nayar, estimate highlight using the polarization information and color analysis [4] ; Umeyama, S., Godin, G. proposed a method to separate the diffuse reflection component and the specular reflection component usding the polarization analysis and statistical analysis of the image [5] . Although these methods can get better results, but these algorithms need image sequence, so it cannot be used in the shape-from-shading algorithm.
Klinker remove the single image highlight by primary component analysis for diffuse area and specular area [6] ; Novak and Shafer estimated the surface roughness and geometry according to the distribution of the pixel in the RGB space, and based on it, highlight is esitmated [7] ; Based on the chromaticity space, Lee etc. estimated the illuminant chromaticity thereby achieve highlight detecting [8] ; Ortiz, F., Torres, F. using the two-dimensional histogram of the luminance and chrominance information to achieve high detection of light [9] ; Jae Byung Park based on the color space conversion under one kind of non-white light irradiation conditions color image specular high light detection method presented [10] ; Mallick,, the SP, etc. through the rotation of the RGB color space to eliminate the impact of specular highlight [11] ; Elli Angelopoulou proposed a method for the multi-spectral images of a specular light detection method based on Fresnel coefficients [12] ; Tan Ping, Shanghai Jiaotong University, Yang Jie propose a light constraint complementary color algorithm, these algorithms are based on color degree space, cannot be detected in the high-light component of the single-grayscale image [13] .
The papers [14, 15] describe a method through the equalization process on the brightness of the image information to remove the highlight in the single picture, although this method can be applied to the detection of the highlight in gray image, but this method only improved the high light vision feelings, especially, the equalization process, will cause the brightness of the pixel of the non-high light region distortion, which affects the accuracy of the recovery of the shape-from-shading algorithm. To this end, this paper proposed a method for single grayscale image highlight detection method starting from the process of light propagation and imaging. Using the relationship between the specular reflectiont, the Lambertian reflection and surface geometry to analysis and calculate the highlight areas. Finally, a constrained inpaiting method based on curvature continuity assumptions is designed. This highlight detection method proposed in this paper can better meet the needs of the SFS algorithm.
Shape-from-shading theory
Shading plays an important role in perception of surface shape. Researchers in human vision have attempted to understand and simulate the mechanisms by which our eyes and brains actually use the shading information to recover the 3D shapes. Artists have long exploited lighting and shading to convey vivid illusions of depth in paintings. To solve the SFS problem, it is important to study how the images are formed. A simple model of image formation is the Lambertian model, in which the gray level at a pixel in the image depends on the light source direction and the surface normal. In SFS, given a gray level image, the goal is to recover the surface shape at each pixel in the image. However, real images do not always keep to the Lambertian model. Even if we assume that following Lambertian reflectance and known light source direction, the intensity of one pixel can be described as a function of surface shape and light source direction, the problem is still not simple. Because the surface shape can be described in terms of the surface normal, then we must solve a linear equation with three unknowns, and if the surface shape is described in terms of the surface gradient, we have a non-linear equation with two unknowns. Therefore, finding an unique solution for SFS is a very difficult task, it requires additional constraints.
A great number of papers about the SFS problem have appeared since the publications of the original study by Horn and Brooks [16, 17] . However, most of the algorithms are all based on the assumption of Lambertian that limited its applications. For real images, different reflectance components always exist simultaneously. So using a more complex reflectance model would be a better way to solve this problem. But it could increase the computation cost greatly; moreover a number of algorithms will not be tractable easily. However the linear approximation algorithm of Tsai and Shah has obvious advantages that have the same computational complexity and good controllability under various reflectance models. For these reasons, TS algorithm is considered firstly. In this paper, two different reflectance components are taken including the Lambertian and specularity. Tsai and Shah paid attention to the situation of speculartity, and designed a scheme. But, they deal with the images alternatively Lambertian or pure specularity. The combination of these two reflectance components was not considered. Follow this paper, no papers focused on this issue. This paper will modify this algorithm by taking hybrid reflectance model and deduce the iteration formula in new frame.
Reflectance model
Lambertian reflectance model is a simple model for body reflection and is widely used in computer graphics. The grey level of a given pixel in the image is proportional to the light source direction L  and the surface normal N  . The map of the Lambertian model is given as follow:
Here  is an appositive constant, generally including factors such as strength of illumination and surface reflectivity;  is the angle between the vector N  and the vector L  .
If the surface gradient
, then the surface normal can be expressed by :
Then image irradiance equation of the Lambertian can be given as follow:
Here
is the direction vector of light source.In the following we will assume that the surface has uniform albedo with an infinite point light source. In this framework, SFS problem is transformed into the restoration of the surface height ) , ( y x Z , which meets the image irradiance equation
is the intensity of pixel at position ) , ( y x . Equation (3) contains two unknown parameters p and q. There is no unique solution.
It is an ill posed problem. It's necessary for a unique solution to introduce other constraints that represent geometric characteristics of the surface. Although Lambertian model has been widely used; but it is still a poor approximation for diffuse component of the rough surfaces.
When specular reflectance takes place, the incident angle of the light source is equal to the reflected angle. It consists of two parts: the specular spike and the specular lobe. The specular spike is zero in all directions except for a very narrow range around the direction of specular reflection. The specular lobe spreads around the direction of specular reflection.
For specularity, surface vector, the light source direction and the view direction are coplanar; the angle of incidence (between surface vector and the incident angle) and the emitter angle (between the surface angle vector and the view) are equal. Usually approximately consider surface vector direction as the mean of the light source direction and the view direction, normalized as below:
Here L  is the light source direction, V  is the view direction. In the case of specular reflection, if known light source direction and view direction, then the surface normal can be easily estimated. It is necessary to consider the effects of specular reflection for recovery of surface shape. In the iterative process, we assume that the specular surface vector is fixed. Under these conditions, relationships between geometric constraints are shown as Fig. 1 .
Figure 1. Geometry of specular reflectance
The intensity of a given pixel is related to the light source direction L  , the view direction V  and the surface normal N  . The map of the specular reflectance model is usually given by the formula:
Here s K represents the specular albedo, here 1  s K
; n represents surface smoothness.
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Specular reflectance estimation
In this study, reflectance types can be determined by computing the probability of the surface point ) , ( j i belonging to the alternative reflectance models (Lambertian or Specular). The reflectance probability of point ) , ( j i will minimize the intensity diversity between the computed intensity value and the intensity of the input image. That is to say, known the surface normal ) , ( j i M , the reflectance probability of surface point ) , ( j i will make the diversity between the computed intensity
and the intensity of input image minimized. Here,
 is the probability belonging to the Lambertian reflectance model and ) ) , (( S j i p  is the probability belonging to the specular reflectance model, s d I I , respectively represents the computed intensity value under Lambertian model and specular model. According to this idea, compute the reflectance probability of surface point ) , ( j i based on simulated annealing, the algorithm is as follows:
Set original temperature T=T m , Cycles is C, probability factor is
Add Disturbance:
, m is step length
Else
Reflectance Probability of Surface Point :
The method of constrained in painting and experimental results
It is needed to be eliminated for Highlight by inpaiting. Inpaiting is an interpolation operation. Generally inpaiting does not take into account the influence of surface morphology. Although some new method about inpaiting is discussed, but these are all based on the color space, cannot be applied in only the brightness information of single grayscale image. So, this paper presents a inpaiting method based on the constraints of the curvature continuous assumption. The basic idea of the algorithm is shown in Fig. 2 . This method makes full use of the surface morphology in the detection process, which will reserve more image detail. This is an effective solution to the regional brightness distortion and boundary brightness steep. Basic idea of the proposed method is the use of surface normal vector is a linear interpolation to achieve inpaiting constraints, namely, the surface normal vector of the high light area is generated by the binary linear interpolation through the boundary of non-high-light, and then use the half light reflectance model to calculate the brightness information. The light-colored area in the figure is the region of high light. is the surface normal vector along the boundary of the non-high-light, coordinate at
. By linear regression
Follow the same method, the surface normal vector 4 M at point ) , ( 
Conclusions
The existence of specular highlights is a great obstacle of Shape-from-Shading (SFS). For a single gray-scale image with only intensity information, the existed highlights detection methods based on chroma or polarization analysis cannot directly be applied on it. So, a new method using surface shape is provided. Firstly, it makes full use of the imaging process to estimate the surface normal, secondly, based on the physical illumination model, diffuse and specular reflection components are calculated by minimizing the error function of brightness through the simulated annealing, then locate the highlights areas by setting a threshold-value, finally, illuminationconstrained inpainting method based on the assumption of curvature continuity is provided. Surface shape can be originated by different methods, but the iterations will be effected by it. The physical illumination model is complex than the geometrical model, so computing will cost more time for a more accurate estimation. The constrained inpainting method will be started along the boundary of specular reflection area. It will be seen that the inpainting direction can be changed from horizontal to vertical. The experimental results show that the proposed algorithm has good stability in synthetic and real-world images, improves the accuracy of surface recovery for image combined specular highlights. 
